The necessity of the interim dry storage of nuclear spent fuel using metal casks has risen year by year. Metal gaskets have been used worldwide to prevent leaks from the metal cask during long-term storage. There are still uncertainties for the impact behaviours of the metal cask without impact limiters under severe impact loads, such as drop or tipping-over events in the interim storage facility. Therefore, it is very important to clarify the dynamic behaviour of the metallic gaskets subjected to sliding and opening movements of the lid structures during impact loads.
Introduction
As the demand for electricity grows, the amount of spent fuel discharged from nuclear power plants has increased. Therefore, the need for interim dry storage has risen year by year. For interim dry storage, the metal cask with the metallic lid gasket have been used worldwide to keep high leak-tightness for long-term storage.
Generally, leak-tightness of metallic gasket joints is very sensitive to \sliding and opening movements by external impact load. However, there are still uncertainties for the impact behaviours of the metal cask without impact limiters under severe impact loads, such as drop or tipping-over events in interim storage facility. Therefore, it is very important to clarify the dynamic behaviour of the metallic gaskets subjected to sliding and opening movements of the lid structures during impact loads.
In this study, two drop tests, a horizontal drop test and a rotational impact test, were performed using full-size metal cask model [1] . In these tests, sliding and opening movements of lids are measured in detail.
The next step, in order to establish an evaluation method of the behaviour of the lid structure during impact load, post-analysis for drop tests was performed using dynamic analysis code LS-DYNA.
Impact test with the full-size metal cask onto concrete floor
In order to measuring movements of the lid structure of metal cask during the impact load, two impact tests of the full-size metal cask were performed. The metal cask without impact limiters was dropped onto the concrete floor, which simulates the floor of an interim dry storage facility. Overview of full-size metal cask model. Figure 1 shows an overview of the full-size metal cask model for impact tests, and This cask has a double lid structure and lid gaskets are double type metal gasket made of aluminium coating material. For primary and secondary lids, a section diameter of the gasket is 5.6 mm and 10 mm, respectively. This cask has a gap between the lid side and body. At initial conditions, primary and secondary lids are set carefully to make the gap equal. A nominal gap of primary and secondary lids at one side is 1mm and 0.5 mm, respectively. Figure 2 shows the metal cask's position in the two impact tests, horizontal drop test and rotational impact test.
Full-size metal cask model

Impact test condition
The first test is free drop from 1m in a horizontal orientation. This condition simulates the drop accident during a horizontal handing at an interim dry facility. Horizontal handling operations in such facility are actually performed with impact limiters.
In the second test, considering an accident during operation of changing from horizontal position to vertical position, the direct collision with lid structure of the cask to the floor is considered by rotational impact load. The rotational center of the cask is set to the trunnion attached to the bottom sides. Table 2 shows main items of measurement for the impact tests.
Measurement
The important factors in this measurement are as follows; -To measure the instantaneous leak, the helium leak rate from lid gaskets is measured continuously during impact.
-Sliding or opening movements of the lid structure are measured precisely and continuously with inductive displacement sensors. Secondary lid gasket Note: 0-180° direction of the metal cask is drop direction (0° is lower side). Tables 3 and 4 show summary of horizontal drop and rotational impact test results.
Impact test result
Maximum leak rates during two impact tests were lower than 1x10 -8 Pa m 3 /s. Therefore, it is demonstrated that the integrity of the leak-tightness of the metal cask with the gasketed joints has been verified during impact loads.
And detail movements of lid structure are described in the next chapter as a comparison of the analysis result.
www.witpress.com, ISSN 1743-3509 (on-line) 
Analysis of the impact test
To confirm the accuracy of the numerical analysis of the lid structure behaviour during impact load, the analysis of the impact tests have been executed with dynamic analysis code LS-DYNA.
Analysis model
The analysis code is LS-DYNA Ver.970 with user subroutine of material model for concrete originally developed by CRIEPI [2] . Figure 5 shows analysis model of horizontal drop test. This model is made as a 1/2 symmetric model considering the cask structure and the drop orientation. Table 5 shows a number of elements and nodes of this model.
Material properties
In this analysis model, metallic materials are used for body, lid, lid bolts, outer shell, trunnion, contents and the reinforcement bars in the concrete floor. These materials are simulated as isotopic elastic plastic material. Table 6 shows material properties applied to the calculation. 
In this analysis model, concrete materials are used for the concrete floor and lightweight concrete filled between main body and outer shell. 
Analytical condition
Contact condition
On every contact surface between parts of this analysis model, a slide surface condition with voids is applied. A friction coefficient of the slide surface is set to 0.14. However, only for the flange surface of primary and secondary lid, this coefficient is set to an experimental value (0.6) obtained from the sliding test result with a scaled lid model.
Tightening of lid bolts
Initial tightening of the lid bolt is set by the method of relaxation of initial penetration. This initial tightening stress of lid bolts is equivalent to tightening torque of 2400 N-m.
Initial lid position
In the rotational impact test, it is clear from the analysis of the test result that the initial position of the secondary lid has been shifted from the center by 0.2mm on the 180-degree side (opposite side of drop). Therefore, the secondary lid model for rotational impact test is set to such an eccentric position.
Initial condition
These analyses have been executed to verify the accuracy of the calculation model with our original concrete model. Initial condition of two impact tests is shown in Figure 2 .
For the horizontal drop test, initial velocity 4430 m/s equivalent to the free drop velocity from a height of 1m is set to the cask model.
For the rotational impact test, initial rotational velocity is 1.09 rad/s equivalent to the velocity from the rotation of falling 1m. The rotational center is set to a center axis of bottom side trunnions.
Comparison with the test result
Comparison between analysis and test result is summarized as follows especially taking care of lid movements. Maximum values of lid movements of analysis and test results are shown in Table 8 . Figure 4 shows the time history of the primary lid's acceleration in the drop direction. The maximum acceleration value is calculated from the slope of velocity near peak of acceleration. They are almost the same for the test result and analytical result. Figure 5 shows the time history of the primary lid sliding. The maximum amount of sliding is same from the test result and analysis, because the friction coefficient is based on examination. However, the initial slope of sliding is not same. It is expected that it is necessary to clarify the detail of initial dynamic friction coefficient. Figure 6 shows the time history of the primary lid's acceleration in the drop direction. It is found that the acceleration values calculated from the slope of velocity are more conservative than those from the drop test condition. Figure 7 shows the time history of the secondary lid sliding. As to the lid movements, it seems that there is a good agreement between test values and calculation results by applying the experimentally obtained friction coefficient value and initial lid position. However, as shown in Table 8 , the accuracy of very small opening of lids is not as good as the accuracy of the lid slide. 
Horizontal drop analysis
Rotational impact analysis
Conclusion
Two drop tests, a horizontal drop test and a rotational impact test, were performed using full-size metal cask model. During these drop tests, primary and secondary lid movement were observed in detail, and maximum leak rates from lid were lower than 1x10 -8 Pa m
